Sexual segregation, the tendency to seasonally live in groups comprised of separate sexes, is widespread in sexually dimorphic polygynous ungulates. The causes for such segregation are still being studied and debated to arrive at a universal explanation. We assessed sexual segregation in the markhor, Capra falconeri-a dimorphic mountain ungulate inhabiting a seasonal temperate environment. We observed markhor herd composition, genderspecific diet, and habitat use over 3 years and multiple seasons. We tested the predictions of the Reproductive Strategy-Predation Risk Hypothesis (RSH) that focuses on offspring security, and the Forage Selection-Sexual Dimorphism Hypothesis (FSH) based on different foraging needs between the sexes due to size dimorphism. Generalized linear models were used to identify the important variables that best explained segregation in markhor. Male and female markhor showed a tendency to segregate throughout the year outside the mating season. Female markhor were confined to cliffs with relatively less forage cover, whereas males used areas with relatively better forage away from the security of cliffs. Females also occurred at lower elevations compared to males. Social segregation prevailed during pre-parturition and continued until autumn when the offspring were older, indicating a role of other factors besides predation risk. Sexual segregation in markhor was influenced by multiple mechanisms.
Sexual segregation is the differential use of space by sexes of a species (Bowyer 1984) . It is common in polygynous ungulates, and has been described as an important life history strategy (Clutton-Brock et al. 1982; Main et al. 1996) . Sexual segregation is referred to as ecological segregation, when males and females differ in the use of habitat Mysterud 2000; Mooring et al. 2003) , or social segregation, when males and females tend to associate more with the individuals of their own sex but use similar habitats Conradt 1998; Mysterud 2000; Bon et al. 2001; Mooring et al. 2003) . Spatial segregation is dependent on the scale of measurement and is generally regarded as a by-product of habitat or social segregation (Conradt 1998; Bowyer 2004; Ruckstuhl 2007 ).
Multiple environmental, physiological, and social factors act simultaneously to influence sexual segregation (Bon and Campan 1996; Main et al. 1996; Mooring et al. 2003; Bonenfant et al. 2004; du Toit 2005; Pérez-Barbería et al. 2005; Loe et al. 2006) . These factors include both ultimate and proximate mechanisms, and based on them, multiple hypotheses have been proposed to explain segregation in ungulates (Bon and Campan 1996; Main et al. 1996; Mooring et al. 2003; Bonenfant et al. 2004; Pérez-Barbería et al. 2005; Loe et al. 2006; Pérez-Barbería and Yearsley 2010) . However, these hypotheses may not always be mutually exclusive. The most prominent among these hypotheses relates to reproductive success and the effects of size dimorphism on diet and other attributes such as activity budgets that could lead to segregation (Bowyer 1984; du Toit 1995; Main and Coblentz 1996; Bleich et al. 1997; Cransac et al. 1998; Ruckstuhl 1999) .
The Reproductive Strategy-Predation Risk Hypothesis (RSH- Main and Coblentz 1996) assumes that ecological segregation arises from males and females segregating to increase their reproductive success. It proposes that females will use relatively secure habitats especially during post-parturition, even though they may be of poor forage quality, whereas males will use areas with abundant forage, which may or may not be of the best quality (Bowyer 1984; Main et al. 1996) . The Forage Selection or Sexual Size Dimorphism Hypothesis (FSHBowyer 1984) proposes that physiological factors related to nutrition and influenced by body size (Bell 1971) are primarily responsible for sexual segregation. It predicts that larger males can sustain themselves on lower-quality diet, whereas females need higher quality (Bell 1971; Jarman 1974) . The Activity Budget Hypothesis (ABH-Conradt 1998), a derivative of FSH, explains social segregation by differences in synchrony and activity patterns of the sexes (Conradt 1998; Ruckstuhl 1999; Ruckstuhl and Neuhaus 2000) . Body size differences (basis of FSH) affect the activity pattern of the 2 sexes, resulting in asynchrony and segregation. According to ABH, the smaller females would require more time to find high-quality forage and thus spend less time resting, whereas larger males would need more time ruminating to digest the low-quality diet, resulting in an asynchrony in the activity patterns of the sexes (Conradt and Roper 2000) . The ABH therefore proposes that segregation occurs to reduce the cost of synchrony. The Social Affinities Hypothesis (SAH- Bon and Campan 1996; Singh et al. 2010) suggests segregation on the basis of various aspects of sociality that influence males and females differently, resulting in the formation of unisex groups (Main 2008) . It proposes that young females will learn to select appropriate fawning sites, whereas males will learn combating skills to establish dominance.
The RSH on the other hand proposes that sexual segregation is influenced by multiple proximate factors such as those influencing offspring survival, with the ultimate aim of increasing reproductive success (Main and Coblentz 1996; Bleich et al. 1997; Main 2008) . The FSH expects that body size differences determine the diet and habitat use of the sexes and therefore provides a mechanistic explanation that operates at a proximate level of causation (Main 2008) . The SAH and ABH also operate at a proximate level (Ruckstuhl and Neuhaus 2000) . The debate regarding the validity of these hypotheses in different species and environments continues through studies conducted on different species across the globe with an aim toward finding a universal explanation.
We investigated sexual segregation in a little-studied, temperate Asian mountain ungulate, the markhor (Capra falconeri), in a protected area in northern India. Markhor are a highly sexually dimorphic species with males almost double the size of females (male body mass = 104 kg, female body mass = 55 kg -Schaller 1977) . Markhor are polygynous and gregarious, and mating occurs during December and January and fawning during May and June (Schaller 1977; Masood 2011; Ahmad 2014) . In the study area, markhor share habitat with musk deer (Moschus cupreus) and Himalayan goral (Nemorhaedus goral). Markhor use cliffs as escape cover in Kajinag (Ahmad 2014) , as has been reported from other studies (Schaller 1977) . The areas close to cliffs possess less herb and grass cover and more rock cover (Ahmad et al. 2016) . Common leopards (Panthera pardus) are the major predator; other predators include yellowthroated martens (Martes flavigula) and golden eagles (Aquila chrysaetos -Ahmad 2014) . In addition to predation by common leopards, predation attempts on markhor kids by golden eagles and on adult males by snow leopards (Panthera uncia) during rutting have also been reported (Masood 2011) .
In temperate habitats such as the western Himalaya, during spring, better-quality forage is available at lower elevations when plants (especially herbs and grasses) sprout; forage quality progresses to higher elevations as summer proceeds (Langvatn et al. 1996; Mysterud et al. 2001) . Changing vegetation phenology with elevation presents an important gradient in forage quality for the markhor. We considered these 2 aspects to assess the relative importance of RSH and FSH in explaining sexual segregation in markhor. Our data came from field observations of markhor groups over 3 years and multiple seasons. We tested the RSH and FSH through the following predictions founded on these hypotheses: RSH: Segregation should begin following parturition and should decrease during autumn as the kids grow up and females may afford to use high-risk areas (less steep slopes) away from cliffs, at higher elevations and with better-quality forage. Females should use relatively secure places, which may have poorer forage quality, i.e., areas near cliffs and steeper slopes, during post-parturition. During this period, males should use areas with abundant or good-quality forage, found at higher elevations and in areas away from cliffs.
FSH: Males should use areas with higher forage biomass (independent of quality). In the study area, male markhor may use lower elevations during most of the year to access the high biomass but low-quality forage, whereas females should aim for better nutrition by tracking vegetation phenology, i.e., use relatively lower elevation areas in pre-parturition and higher elevation areas in post-parturition to exploit more nutritious forage (Hamel et al. 2009 ). Temporally, segregation should be greatest in summer (post-parturition) when forage quality increases with elevation and should be markedly less during winter when forage quality is low and similar across the study site, and availability is restricted to lower elevations.
SAH: Males and females should segregate year-round during the non-rutting season while using similar habitats. Females would avoid males due to pseudo-sexual and agonistic acts of males, whereas males will focus on learning fighting skills.
ABH: Activity budgets of females and males will differ as females may forage for longer periods to search for better-quality food or being vigilant, whereas males will spend more time than females ruminating or lying to digest forage. Animals with similar activity budgets will form groups.
Materials and Methods
Study area.-This study was conducted in the Kajinag mountain range (34°10′0″N, 74°2′0″E), situated in northwestern Himalaya, Jammu and Kashmir, India (Fig. 1) . It is located in the North-West Himalayan Biogeographic Zone (2A) (Rodgers and Panwar 1988) . The elevational range of our study site was between ca. 2,000 and 4,000 m. Kajinag occupies the north bank of the Jhelum at Bunyar close to the international border with Pakistan. The region is characterized by severe to moderately cold temperatures during winters and moderate temperatures in summer. The maximum temperature in the region goes up to 30°C during summers and the minimum temperature goes down to −5°C. At higher elevations, the minimum temperatures can go down to −15°C. Precipitation is mainly in the form of snow in winter and rain in March with occasional showers in July. Four distinct seasons can be classified: winter (December-January), with very low temperatures and snow covering most of the area; spring (March-May), when temperatures begin to rise and sprouts appear at lower elevations first and gradually move to upper elevations; summer (June-August), when temperatures rise further and the area contains abundant forage; and autumn (September-November), when senescence sets in for plants. For this study, we considered preparturition-spring (1 April-10 May) and post-parturition (20 May-31 August) phases, distinguished based on the reproductive stages of females. Rut occurs between December to mid-January.
Vegetation in Kajinag is dominated by coniferous forests with deodar (Cedrus deodara) at lower elevations, fir (Abies pindrow) and spruce (Picea smithiana) at middle to upper elevations, and blue pine (Pinus wallichiana) distributed from lower to upper elevations. The broad-leaf forest is dominated by birch (Betula utilis), which occurs mainly in the subalpine zone. Subalpine scrub and alpine meadows dominate the highest elevations of the study area.
Kajinag harbors other large mammals such as musk deer (M. cupreus), goral (N. goral), Himalayan brown bears (Ursus arctos), Himalayan black bears (Ursus thibetanus), Himalayan langurs (Semnopithecus entellus), common leopards, and pheasants such as the western tragopan (Tragopan melanocephalus) and cheer (Catreus wallichii).
Migratory herders, locally known as Bakkarwals, are a nomadic tribe who rear sheep and goats and migrate seasonally from subtropic to subalpine and alpine pastures of Kashmir. These Bakkarwals and local shepherds arrive around late spring with about 15,000 sheep and goats to utilize the seasonal flush in the area and leave in the beginning of autumn.
Sampling procedure.-The study was conducted from March 2007 to February 2009. Direct observations on foot were made throughout the year from 20 predetermined trails and 8 vantage points using binoculars (8 × 40) and a spotting scope (15-45×). The trails and vantage points were identified after a reconnaissance survey and selected in a way to maximize the visual coverage of study area. We ensured randomness and that all vantage points and trails provided a full overview of the study area with no special emphasis on a certain habitat type. The observations were grouped according to season and the reproductive state of markhor for analysis (pre-and post-parturition). Date and group type were recorded for every markhor sighting to ascertain the exact time of segregation or aggregation. Group types were male, female, and mixed groups. A group was our study unit. In total, we travelled 975 km along trails and spent 57 h on vantage points with an average of 40 min at each vantage point on every visit.
Habitat and vegetation use by male and female markhor.-To test for habitat segregation, we recorded the corresponding habitat features for each group sighting. We recorded 2 attributes that describe security from predators: distance to nearest cliff and slope. Along with these attributes, we recorded vegetation type (based on classification in Ahmad 2014) and a visual estimate of percent tree cover, shrub cover, and ground cover for each sighting as an index of forage availability and use. Elevation (m) and palatability (0 = unpalatable, 1 = seasonally palatable, 2 = palatable, 3 = highly palatable, NA = not available) were used to assess forage quality. Locations and elevation were recorded using a handheld GPS. Palatability of plant species was assessed by using field observations of wild and domestic ungulates, information from experienced local people, herders, and expert plant taxonomists (Ahmad 2014; see Supplementary Data SD1) . Vegetation growth in temperate ecosystems begins with fresh sprouts starting at lower elevations in spring and reaching upper elevations during peak summer. The fresh young stage of a plant is more nutritious than the mature stage as the mature plants store more lignin (Kilcher 1981) . We referred to Ahmad (2014) for the availability of palatable forage in different vegetation types, as our study site was the same as his.
Diet of male and female markhor.-We used 2 approaches to analyze the diet of male and female markhor: micro-histological analysis and direct observation by visiting the feeding sites. We collected and sun-dried 123 pellet groups for females and 146 pellet groups for males in the 3 non-winter seasons (pre-parturition, post-parturition, and autumn) when segregation was noted, to assess the differences and similarities in their diet. We followed Holechek et al. (1982) and Johnson et al. (1983) for micro-histological analysis and assigned the forage groups as monocots, dicots, and conifers based on their unique cuticular patterns. For direct observation of feeding, we surveyed the feeding site immediately after animals left and recorded the plant species fed upon by means of their fresh feeding signs (Mishra et al. 2004) . Fresh signs can be identified as they have sap oozing, or the cut looks very green, which turns dry and becomes brownish after some time. We gave a consumption ranking by visually estimating the available cover of plant species and the percentage cover of that particular plant eaten (Mishra et al. 2004) .
Testing extent of segregation.-We used the Sexual Segregation and Aggregation Statistic (SSAS) to test the extent and the temporal pattern of segregation or aggregation (Bonenfant et al. 2007; Singh et al. 2010) . The occurrence of sexual segregation or aggregation is tested by considering the data as a standard contingency table and using the chi-square statistic. The advantage of using the SSAS is its ability to test the null hypothesis of a random association between sexes against 2 alternatives, segregation or aggregation. The expectancy of SSAS is (k − 1)/(N − 1); data include k groups with X i males and Y i females in the ith group that can be organized as a 2 × k contingency table:
where N i is the group size of the ith group (N i = X i + Y i ), X is the total number of males sampled, Y is the total number of females sampled, and N is the sum of males and females sampled. The confidence interval around observed values is used to assess the occurrence and extent of sexual segregation. SSAS varies between 0 (no segregation) and 1 (complete segregation) and provides an estimate of the distance between the observed and the expected distributions of males and females under the null hypothesis (random association between sexes) for a given number of groups and animals. Segregation is implied when there is a strong deviation of the sex ratio of each group (e.g., with many unisex groups, for instance) from that of the population ratio. Conversely, aggregation occurs when the sex ratio of each group is almost equal to the population sex ratio. So in this case, random association can be anything between 0 and 1 with extreme segregation toward 1 and extreme aggregation toward 0. SSAS comes with a ready-to-use function to be run in the free software R (R Development Core Team 2014).
Testing segregation by habitat and vegetation.-We shortlisted 8 continuous variables (elevation, distance to cliff, slope angle, ground plant cover, palatable ground plant cover, shrub cover, palatable shrub cover, and tree cover) that could explain the occurrence and habitat use of markhor. We first tested for multicollinearity between the different pairs of variables through Pearson's correlation tests and variance inflation factors (VIFs). Ecologically more relevant variables based on the biology and life history of the species were retained in cases of highly correlated variables (threshold Spearman rank correlation test R 2 = 0.60). We used binary generalized linear models with a logit link function, where sex was included as a response variable with female coded as 1 and male as 0, and elevation (m), distance to cliff (m), slope (degree), ground plant cover, palatable ground plant cover, shrub cover, and tree cover as predictor variables. We built a set of a priori candidate models using the variable combinations and significant interactions of the uncorrelated predictor variables. The candidate models were ranked on the basis of the Akaike Information Criterion (AICc) corrected for small sample size. On the basis of Akaike weights, a confidence set of models was selected (see Supplementary Data SD4) which cumulatively contributed at least 0.95 to the weight of evidence (Burnham and Anderson 2002) . The variables that contributed in determining the occurrence of female markhor were examined by model averaging of their coefficients from the confidence set of models.
We also assessed the role of 2 categorical variables in the segregation: vegetation type and aspect. Chi-square tests were used to examine the habitat segregation between male and female markhor along vegetation type and aspect. All analyses were carried out with the statistical software R (R Development Core Team 2014).
Testing differentiation in diet.-The data from pellet analyses were quantified into proportion of monocots, dicots, and conifers in the diet for each sex (male and female) and for each period (pre-parturition, post-parturition, and autumn). We tested for differences in diet for sexes and periods using t-tests.
results
Temporal pattern of segregation in markhor.-We observed 787 groups of markhor. Observations of mixed-sex groups were highest during rut (December to mid-January) and winter (December-February), declined with the approaching spring, and reached their lowest during post-parturition and autumn. Single-sex groups were most common during post-parturition and autumn (Table 1 ; Fig. 2 ). Markhor showed strong sexual segregation during the non-rutting season, which began in April and increased gradually through late spring (pre-parturition) to peak during post-parturition, and continued until autumn (Fig. 2) .
Segregation by habitat and vegetation.-We compared 12 candidate models for female occurrence each for pre-parturition, post-parturition, and autumn. During the pre-parturition phase, female markhor used lower elevations and areas closer to cliffs compared to males (Table 2) . Both sexes occurred mainly in open forest and woodland vegetation but males also used other vegetation types (alpine-subalpine, mixed forest) to an extent greater than females (Table 3 ; χ 2 = 17.95, P = 0.009). The southern and eastern slopes were used by both sexes almost equally (Table 3 ; χ 2 = 4.61, P = 0.202). Occurrence of female markhor during post-parturition was associated with steepness of slopes, closeness to cliffs, lower elevations, and less palatable ground plant cover, whereas males occurred at higher elevations, away from cliffs, and with gradual slopes (Table 2) . Males used subalpine forest and mixed-forest vegetation types in addition to the open forest but females used mainly open forest and woodland vegetation (Table 3 ; χ 2 = 75.07, P = 0.003). During the study, we recorded 3 leopard kills and 7 mortalities due to hunting (where locals caught markhor), all in habitats away from cliffs. The scats (n = 37) and footprints of leopards also were recorded from less-steep habitats (slope range = 10-35°) and ridges.
During autumn, slope and palatable ground cover were significant predictors of occurrence of female markhor ( Table 2 ).
The likelihood of occurrence of female markhor increased with steeper slopes and less cover by palatable ground plants but higher shrub cover (Table 2 ). In contrast, males utilized more gradual slopes with higher palatable ground plant cover. The use of vegetation type and aspect was similar for both male and female markhor (Table 3 ; χ 2 = 3.24, P = 0.69 for vegetation type; χ 2 = 3.24, P = 0.52 for aspect) Segregation by diet.-Pellet analysis showed a mixed diet for male and female markhor in all seasons but the percentage of monocots and dicots varied seasonally (Table 4a ). Markhor diet included 54 species of plants, which included forbs, graminoids, broad-leaf trees, shrubs, gymnosperms, and ferns (Table 4b) . Male and female markhor consumed a relatively large number of forb species (over 30) in the 2 seasons with available data, while the number of grass species was fewer. Consumption of gymnosperms indicates diet adjustments during early spring when forage availability is very limited. There was no significant difference between diets of males and females (Table 4a ; pre-parturition, t 2.395 = 2.003, P = 0.161; post-parturition, t 2.996 = 0.929, P = 0.421; autumn, t 3.763 = 0.411, P = 0.703).
discussion
As expected in a highly dimorphic ungulate living in a seasonal environment, we found male and female markhor to be significantly segregated throughout year except during the rutting period. Segregation increased from pre-parturition and peaked during the post-parturition period, which continued until autumn. Our data supported the Reproductive Strategy Hypothesis (RSH) at least for the post-parturition period, as has been reported in other ungulates (Bergerud 1984; Festa-Bianchet 1988; Miquelle 1992; Hay 2008; Main 2008) . During post-parturition, female markhor used areas around cliffs presumably to be more secure from predators even if it was at the cost of forage quality. In Kajinag, areas close to cliffs had more rock cover and less ground forage cover compared to areas farther from cliffs (Ahmad et al. 2016) . Males, on the other hand, occurred at relatively higher elevations, farther away from cliffs, with access to better forage. As reported from other temperate systems (Mysterud et al. 2001 (Mysterud et al. , 2011 , higher elevations of Kajinag also possess better-quality forage during peak summer (post-parturition) due to delayed vegetation growth (Ahmad 2014) . Ungulates in temperate climates follow this vegetation growth resulting in their vertical movement pattern to track nutritious fresh sprouts (Albon and Langvatn 1992; Mysterud et al. 2001) . Such a pattern of segregation that results from females optimizing offspring security at the cost of access to forage and males using habitats with better-quality forage to improve their body condition has been described in other species such as mountain sheep (Ovis canadensis nelsoni) and rocky mountain mule deer (Odocoileus hemionus hemionus- Main and Coblentz 1996; Bleich et al. 1997) . Hay (2008) also found that male buffalo (Syncerus caffer) incurred greater risks to obtain better diet than those of females to improve their body condition, whereas females preferred secure habitats with poor forage to ensure calf survival.
The Forage Selection Hypothesis (FSH) has received varying support as an explanation for sexual segregation (Ruckstuhl and Neuhaus 2002; Hay 2008) . Our findings did not support the FSH because, in contradiction to the prediction of this hypothesis, males used better-forage areas during the post-parturition period while females remained confined to cliffs, presumably to secure their offspring at the cost of reduced access to better-quality forage. During the rest of the study period, the 2 sexes used habitats with similar forage availability and little difference in diets, but still remained highly segregated. In fact, numerous studies have reported that in dimorphic ungulates, males and females either used habitats with similar forage or males used areas with better forage than females during segregation, thus not supporting the FSH (see review by Main 2008) .
We expected segregation to be most pronounced during the post-parturition period, in accordance with the predictions of RSH. However, we found that the segregation began much earlier and lasted much longer than expected from the perspective of RSH alone. Male and female markhor segregated almost completely during pre-parturition, more than a month before parturition, and segregation continued until autumn. But the difference in habitat use was most pronounced during postparturition. Thus, whereas our data seem to support most of the predictions of RSH, it appears that there may be other factors such as social affinity that play a role in such segregation. Forage availability and quality were expected to be limited by elevation, aspect, slope, and vegetation type during the pre-parturition period, as snow melts first in the lower elevations, southern aspects, steep slopes, and open habitats (Ahmad 2014; Supplementary Data SD2 and SD3) . The fresh sprouts thus grow first in the lower elevations, in more open habitats and along south-facing slopes (south, southeast, and west). The use of lower elevations (compared to during post-parturition) and open forest by both male and female markhor presumably resulted from selection of areas with fresh sprouts after the lean season of winter. Green flush or young stages of both monocots and dicots are relatively more nutritious and digestible. Females during this period also tended to be pregnant, leading to greater demand for nutritious forage, especially during late gestation (Clutton-Brock et al. 1982; Barboza and Bowyer 2001; Bangs et al. 2005) . Males, on the other hand, needed to replenish their bodies after the rut and winter. They therefore occurred along southern slopes and open habitats to forage on the fresh sprouts but still remained largely segregated from females, indicating the role of ecological (intraspecific competition) or social (SAH, ABH) factors.
Segregation continued in autumn, contradicting the predictions of RSH, as both sexes presumably tried to acquire better forage and thus used similar vegetation communities. During late autumn and winter most of the vegetation dries up and becomes less digestible and thus less nutritious. Pellet analysis revealed similar diets. The acquisition of better-quality forage would be crucial in early autumn for both sexes to get ready for rut and winter. Around this time (autumn), kids are grown up and could move swiftly along with their mothers. Additionally, the area becomes less disturbed as most of the livestock and herders have left.
We thus accept the explanatory power of the RSH, but acknowledge that it is not an exclusive factor explaining sexual segregation in markhor and that there may be other factors that play a role. We did not explicitly test any of the social hypotheses (ABH, SAH) but opportunistic observations in the field suggested that male markhor played and sparred quite frequently. We also observed that adult female markhor sometimes attended to the kids of other females who had gone foraging and had left their kids behind at parturition sites. Males were observed to show aggressive behavior toward females and kids. Such behaviors are predicted by the social affinity hypothesis (Clutton-Brock et al. 1982; Weckerly et al. 2001) . These behaviors, however, need detailed investigations.
Thus, multiple factors probably determine sexual segregation in markhor, with reproductive state of the animal and the season playing an important part. As seasonality can determine the availability and quality of forage, the reproductive state could influence the cost-benefit payoffs of particular strategies resulting in different trade-offs (Miquelle et al. 1992) . Our study concludes that segregation in ungulates cannot be explained by one universal mechanism but has multiple players, as has been reported by other studies (Mooring et al. 2003; Bonenfant et al. 2004 ). The contribution of each factor, however, may differ according to the season and the reproductive state of individuals, especially for females.
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